We report, to the best of our knowledge, the first experimental observation of surface Brillouin scattering in silica-based photonic crystal fibers, arising from the interaction between guided light and surface acoustic waves. This was achieved using small-core and high air-filling fraction microstructured fibers that enable a strong opto-acoustic coupling near the air holes while mitigating the acoustic leakages in the microstructured cladding. It is further shown that this new type of light scattering is highly sensitive to the fiber air-hole microstructure, thus providing a passive and efficient way to control it. Our observations are confirmed through numerical simulations of the elastodynamics equation.
We report, to the best of our knowledge, the first experimental observation of surface Brillouin scattering in silica-based photonic crystal fibers, arising from the interaction between guided light and surface acoustic waves. This was achieved using small-core and high air-filling fraction microstructured fibers that enable a strong opto-acoustic coupling near the air holes while mitigating the acoustic leakages in the microstructured cladding. It is further shown that this new type of light scattering is highly sensitive to the fiber air-hole microstructure, thus providing a passive and efficient way to control it. Our observations are confirmed through numerical simulations of the elastodynamics equation. Surface Brillouin scattering is generally referred to as the inelastic scattering of light by surface acoustic waves (SAWs). Known since the 1970s, this effect has widely been used as a contactless measurement technique to investigate elastic properties of thin films, interfaces, and layered opaque materials [1, 2] . Unlike Brillouin scattering from bulk acoustic waves, surface Brillouin scattering arises from a small ripple mechanism at the surface of samples. The phonons present at the surface move in thermal equilibrium with very small amplitudes creating corrugation of the surface, which can diffract incident light. Interestingly, although it was primarily demonstrated at the surface of opaque materials, Brillouin scattering from SAWs has also recently been observed in silica-based tapered optical fibers [3, 4] . It has been found in particular that such ultrathin optical fibers enable a strong photon-phonon coupling to give rise to a new, previously unexplored regime of Brillouin scattering from SAWs that is absent of conventional optical fibers [3, 4] . These surface waves are referred to as Rayleigh waves when they reach the surface phase velocity (e.g., for fused silica, V S 3400 m·s −1 [5, 6] ). When propagating along the fiber taper, SAWs create a moving index grating which in turn backscatters the light with a Brillouin frequency shift of about 6 GHz, which is much lower than that in standard single-mode fibers (SMFs, 11 GHz). The main difference, however, between surface Brillouin scattering on opaque planar materials and in optical waveguides is that the Brillouin frequency shift f B depends on the effective refractive index n eff in the latter case, as f B 2n eff V S ∕λ, with λ the optical wavelength. Furthermore, in highly-confined optical waveguides, SAWs can be enhanced, removed and controlled through the combined effects of electrostriction and radiation pressure [3, 4] .
In this Letter we demonstrate surface Brillouin scattering in silica-based solid-core photonic crystal fibers (PCFs). Smallcore and high air-filling fraction PCFs were specifically used to allow for the achievement of a strong opto-acoustic coupling near the air holes while mitigating the acoustic leakages in the microstructured cladding. Our experimental and numerical results show new scattered photons from surface acoustic phonons with frequency shifts around 6 GHz by pumping the PCF at a wavelength of 1550 nm. Calculated acoustic velocity and numerical simulations, including the variation of air-silica microstructures, are shown to be in good agreement with the observed Brillouin spectra.
Figure 1(a) shows the scanning electron microscopy (SEM) image of the silica PCF cross-section, specifically designed and manufactured to observe SAWs. It has a triangular lattice with a wavelength-scale hexagonal core and a large air-filling fraction of 0.93. The table in Fig. 1(a) summarizes its main optogeometric parameters, including its core diameter d c , hole diameter d, pitch Λ, air-filling fraction d ∕Λ, and fiber length L. Attenuation α of the fiber was experimentally estimated by optical-time domain reflectometry (OTDR). L eff is the effective length, calculated by L eff 1 − e −αL ∕α [7] . The effective mode area A eff of the fundamental LP 01 optical mode was numerically computed using a finite element method [COMSOL software, see Fig. 2(b) ] from the air-hole microstructure shown in Fig. 1(a) .
The experimental setup used for Brillouin spectroscopy is shown schematically in Fig. 1(b) . It is based on a heterodyne detection in which the backscattered Brillouin Stokes light from the PCF is coherently coupled with the input light to get a beat note in the electrical domain [8] . As input light, we used a continuous and narrow-linewidth (<100 kHz) pump laser running at 1550 nm. It is split into two beams by use of a tap 95/5 fiber coupler. The first 5% beam was amplified by an erbium-doped fiber amplifier (EDFA) and sent to the PCF via an optical circulator. An intermediate high numerical aperture optical fiber (HNA) was spliced in between the single-mode fibers (SMF) and the PCF to get the highest coupling rate. With this technique, the total insertion losses were only 4 dB. The PCF output end was finally immersed in a refractive index-matching liquid to remove detrimental Fresnel reflections. The Brillouin signal coming back from the PCF was coupled to the second pump beam with a second 65/35 fiber coupler. The resulting beat note was detected in the radio-frequency (RF) domain with a fast photodiode (12 GHz bandwidth) and the averaged Brillouin spectra were recorded with an electrical spectrum analyzer (ESA) from 5 GHz to 12 GHz with a resolution of 500 kHz.
Figure 1(c) shows typical Brillouin spectra around 6 GHz for varying input powers from 20 dBm to 24 dBm. Three acoustic resonances are evident at 5.66, 5.94, and 6.55 GHz, respectively. From these Brillouin frequency shifts, we can readily calculate the associated acoustic velocities using the phase-matching condition between the optical and acoustical wavevectors, which reads for a counter-propagating interaction as β op 2β ac [9] . This yields a phase velocity V S λf B ∕2n eff , with f B the Brillouin frequency shift and λ 1.55 μm is the optical wavelength. n eff 1.3622 is the effective refractive index of the fundamental mode given by numerical simulations [see Fig. 2(b) ]. Considering, for instance, the central frequency peak at 5.94 GHz, this gives us a phase velocity of 3380 m·s −1 in excellent agreement with the surface phase velocity of silica glass plates [5] . We note that this speed is typical of Rayleigh waves that include both a shear and axial components and that decrease exponentially in amplitude as distance from the surface increases. In this regard, they are fundamentally different from bulk shear and longitudinal acoustic waves that give rise to standard forward and backward stimulated Brillouin scattering in PCFs with lower and higher Brillouin frequency shifts, respectively. [8, [10] [11] [12] [13] [14] [15] [16] . This is shown in Fig. 1(d) for the backward Brillouin spectrum that we subsequently characterized in the frequency range 8-12 GHz. As can be seen, the Brillouin spectrum involves a broadband series of frequency peaks spanning from 9 GHz to more than 11 GHz. The two small peaks at 9.12 GHz and 10.87 GHz have been identified as Brillouin backscattering from the HNA and SMF fibers present in the experimental setup. More importantly, all other frequency peaks come from the PCF and they are generated by multiple hybrid acoustic waves confined in the PCF core, as previously shown in Refs. [8, 10, 11] . This relies on the fact that, in such small-core PCFs, there is a strong coupling of shear and longitudinal acoustic components due to the waveguide boundaries, giving rise to multimode and broadband backward stimulated Brillouin spectra and higher power thresholds than those theoretically predicted [10] . We also note that surface acoustic resonances around 6 GHz have been numerically predicted in Ref. [10] , but they have never been observed in PCFs so far. Here we report the observation of these SAWs and we will see thereafter that they are well confined at the air-silica interfaces.
Our observations were subsequently confirmed through numerical simulations using the equation of elastodynamics including the electrostriction. This equation can be written in the following form
where ρ is the material density, u i are the displacements, and C ijkl the rank-4 tensor of elastic constants. The right-hand side of Eq. (1) is the electrostrictive stress, including the rank-4 susceptibility tensor χ klij ϵ km ϵ ln p mnij with p mnij the elasto-optic tensor. ϵ 0 is the permittivity of the vacuum. E k and E l are the pump and Brillouin Stokes fields with angular frequencies ω 1;2 and axial wave vectors k 1;2 . More details about the theoretical modelling and numerical computing method can be found in Ref. [17] . Solving numerically Eq. (1) for the backward case yields the elastic energy density and all the longitudinal and transverse displacements inside the microstructured fiber. To get better insight, we assumed a perfectly symmetric air-hole microstructure, keeping the same opto-geometric parameters as those listed in Fig. 1 . We also neglected the moving boundaries effect or radiation pressure that is smaller than the electrostrictive stress due to the weak acoustic index difference between silica and air [18, 19] . Figure 2 (a) shows a false color rendering for the elastic energy density as a function of acoustic frequency and fiber core diameter. As shown in the simulation, we retrieve most of the observed acoustic resonances around 6 GHz and 10 GHz, all varying in frequency with the PCF core diameter according to the phase-matching. We note, however, that numerically computed spectra exhibit more acoustic branches than those experimentally observed. This is mainly due to the fact that we did not include a perfectly-matched layer (PML) for the absorption of acoustic waves around the PCF core. Nevertheless, we can readily find in Fig. 2 (a) similar acoustic frequencies as those experimentally measured for two surface waves labelled S 1 , S 2 , and the main hybrid wave labelled H 1 [see dashed black line for a core diameter of 1.9 μm and compare to Figs. 1(c) and  1(d) ]. We then plotted in Fig. 2(b) the spatial intensity distribution of the fundamental optical mode (norm of the Poynting vector of the HE 11 mode), and the elastic energy density of these three acoustic resonances S 1 , S 2 , and H 1 . We note that the elastic energy for S 1 and S 2 is mainly distributed near the air holes of the fiber, whereas for H 1 it is mostly confined into the core. This clearly indicates that S 1 and S 2 are related to SAWs with an elastic energy that decreases rapidly when moving away from the surface. From numerical simulations, we can also deduce the ratio of transverse displacement over the total displacement (transverse plus longitudinal displacements), which we denote as j u S u T j. For the surface waves S 1 and S 2 , we verified that this ratio approaches ≈1, while at 10.55 GHz the ratio j u S u T j tends towards 0.5, which also confirms the different nature of these hybrid waves.
We then performed a series of numerical simulations by varying the air-filling fraction d ∕Λ of the air-silica microstructure keeping the same pitch. Figure 3 shows the evolution of both the acoustic frequency of the strongest SAW and its elastic energy density versus the air-filling ratio. As can be seen, the elastic energy increases exponentially when increasing d ∕Λ while both the surface acoustic frequency and core diameter decrease. This is also confirmed by the two images shown in the inset of Fig. 3 that compare the transverse elastic energy for two extreme values of d ∕Λ. All the elastic energy is localized near the first air hole ring of the microstructure when the airfilling ratio becomes sufficiently large.
Subsequently, we experimentally showed that small-core PCFs offer a way to control Brillouin light scattering from SAWs, with the advantages of longer distance than short fiber taper and more degrees of freedom, such as the pitch and the Figure 4 compares the experimental Brillouin spectra measured in two different core-size silica PCFs shown in the insets. The first fiber is the same as that used previously, while the second one has both a smaller core diameter (d c 1.57 μm) and air-filling ratio (d ∕Λ 0.91). In both cases, we can clearly see three main peaks around 6 GHz as the result of SAW-induced Brillouin scattering. A further comparison of the two spectra shows a clear rightward shift of the Brillouin peaks due to the fact that the effective refractive index decreases with the core size, while the amplitude difference mainly comes from the microstructure irregularities. These observations indicate that one can finely control the acoustic frequencies of surface Brillouin scattering by tailoring the fiber air-hole microstructure.
In summary, we demonstrated both experimentally and numerically Brillouin light scattering from multiple surface and hybrid acoustic waves in a small-core and high air-filling fraction photonic crystal fiber. We showed that these new acoustic resonances generated around 6 GHz are mainly localized near the air holes and decrease exponentially in amplitude as distance from the surface increases. While the SAWs are comparable to those previously observed in subwavelength-diameter tapered optical fibers [3] , the use of small-core PCFs offers unprecedented opportunities for controlling and enhancing surface Brillouin scattering. Finally, as SAWs are inherently sensitive to surface defects and features, this new type of Brillouin scattering may prove interesting for applications to optical sensing that can exploit surface acoustic waves, or for precise measurement of surface roughness of microstructured optical fibers. For that purpose, we will in the near future characterize the temperature tuning coefficients of surface acoustic waves in photonic crystal fibers, as in Ref. [20] .
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